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FOREWORD 


This  Final  Technical  Report  describes  the  work  performed  for  the 
Department  of  the  Navy  under  Naval  Air  Development  Center  Contract 
N62269-76”C-01  1*8  during  the  peMod.JS  February  1976  to  18  February  1977- 
The  work  involved  high  frequency  ultrasonic  evaluation  of  ceramic  materials, 
under  the  technical  direction  of  Mr.  Irving  Machlin,  AIR-52031B,  Naval 
Air  Systems  Command,  Washington,  D.  C.  20361. 

This  contract  with  the  TRW  Materials  Technology  Laboratory  of 
TRW  Equipment,  TRW  Inc.,  was  carried  out  in  the  Materials  Development 
Department,  directed  by  Dr.  I.  J.  Toth,  Manager.  TRW  personnel  contributing 
to  this  program,  and  their  areas  of  involvement,  were;  Mr.  I.  M.  Matay, 
Program  Manager  and  instrumentation;  Mr.  T.  Derkacs,  Principle  Investigator; 
and  Mr.  W.  D.  Brentnall,  mechanical  testing  and  metallography.  Technical 
support  to  this  program  was  provided  by  Mr.  J.  Touhalisky,  ultrasonic 
inspections;  Mr.  C.  A.  Tyndall,  mechanical  testing;  and  Mr.  W.  G.  Curtis, 
scanning  electron  microscope  f ractography . 

This  Final  Technical  Report  has  been  given  an  internal  TRW 
report  number  of  ER-  7867-F. 
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1.0  INTRODUCTION 


The  purpose  of  this  program  is  to  develop  high  frequency  ultrasonic 
evaluation  techniques  capable  of  detecting  defects  in  the  10  to  100  micro- 
meter (pm)  (0.0004  to  0.004  inch)  range  in  gas  turbine  quality  ceramics,  such 
as  silicon  carbide  and  silicon  nitride.  Under  a previous  contract  (Ref.  1)  a 
high  frequency  (25-45  megahertz,  MHz),  longitudinal  wave  mode,  pulse-reflection 
technique  was  developed  and  applied  to  a range  of  candidate  gas  turbine  cer- 
amics. This  technique  was  shown  to  be  capable  of  detecting  voids  at  least  as 
small  as  25 p m (O.OOl  inch)  and  also  high  density  inclusions,  although  of  a 
somewhat  larger  size.  It  was  also  shown  to  be  capable  of  detecting  the  porosity 
in  a material  that  is  not  fully  dense,  such  as  reaction  bonded  silicon  nitride. 
It  was  concluded  in  the  previous  program  that,  for  fully  dense  material,  an 
even  higher  inspection  frequency  is  needed  to  allow  detection  of  high  density 
inclusions  down  to  10pm  (0.0004  inch).  It  was  also  concluded  that  shear  wave 
inspection  is  needed  to  provide  a correlation  between  ultrasonic  inspection 
results  and  material  flexural  strength. 

Effort  under  this  contract,  therefore,  had  two  major  objectives.  One 
was  to  investigate  ultrasonic  inspection  up  to  a frequency  of  about  75  MHz, 
within  the  limitations  of  present  instrumentation.  The  other  was  to  develop 
a shear  wave  inspection  technique  and  to  investigate  the  correlation  of  the 
inspection  results  with  material  flexural  strength. 


2.0  SUMMARY 


Since  the  results  of  the  previous  program  indicated  that  high  frequency 
ultrasonics  is  best  suited  for  ceramic  materials  that  are  close  to  theoretical 
density,  effort  in  this  program  was  concentrated  on  hot  pressed  materials.  A 
billet  of  hot  pressed  silicon  nitride  and  a billet  of  hot  pressed  silicon  car- 
bide were  obtained  from  each  of  two  vendors  in  the  as-pressed  condition.  A 
small  billet  of  boron-doped  sintered  silicon  carbide  was  also  included  in  the 
program. 

Inspection  frequencies  up  to  75  MHz  were  evaluated.  However,  due  to 
the  bandwidth -sens i t i V i ty  characteristics  of  the  available  instrumentation  and 
transducers,  it  was  concluded  that  a frequency  of  kS  MHz  provides  the  best 
results.  Since  instrument  and  transducer  development  were  not  within  the  scope 
of  this  program,  development  of  higher  frequency  inspection  was  not  pursued.  It 
is  strongly  recommended,  however,  that  both  instrument  and  transducer  development 
be  carried  out  in  order  to  achieve  the  potential  of  higher  frequency  inspection. 

An  ultrasonic  shear  wave  technique  was  developed  using  two  reference 
standards,  one  containing  internal  seeded  defects  which  were  characterized  in 
the  previous  program  and  the  other  containing  laser  drilled  holes.  The  tech- 
nique employs  a 45  MHz  ultrasonic  transducer  with  a 46  mm  (1.8  incn)  focal 
length  in  water  used  at  a 10  mm  (0.4  inch)  water  path  at  an  angle  of  incidence 
of  10  to  11°.  The  billets  were  inspected  both  as  received  and  after  machining 
with  a 320  grit  diamond  wheel  to  remove  surface  irregularities.  It  was  found 
that  these  surface  irregularities  cause  ultrasonic  indications,  but  tend  to 
inhibit  detection  of  internal  defects. 

The  program  billets  were  inspected  by  both  longitudinal  and  shear  wave 
ultrasonic  techniques  and  the  results  compared.  The  shear  wave  technique  was 
found  to  detect  many  more  defects  than  the  longitudinal  wave  technique.  A few 
defects  were  only  detected  by  the  longitudinal  wave  technique,  however,  appar- 
ently due  to  orientation.  The  billets  of  hot  pressed  silicon  carbide  were  found 
to  have  very  few  defects  and  were  not  used  for  mechanical  testing.  The  billet 
of  sintered  silicon  carbide,  of  a type  that  has  been  well  characterized  by  metal- 
lurgical evaluation,  showed  considerably  more  ultrasonic  indications  than  expected. 

Four-point-bend  specimens  were  machined  around  defects  detected  only 
by  the  shear  wave  technique  in  the  billets  of  hot  pressed  silicon  nitride. 

Flexural  strength  measurements  showed  that  those  specimens,  which  initiated 
failure  at  u I tra son ica 1 1 y detected  defects,  were  significantly  weaker  than 
those  with  undefined,  or  multiple  surface  initiation  sites.  The  u 1 trason i ca 1 1 y 
detected  defects  that  were  failure  initiation  sites  had  major  dinensions  that 
ranged  in  size  from  40  to  1 00 y m (0.0016  to  0.004  inch). 

Investigation  of  the  effectiveness  of  the  shear  wave  technique  for 
detecting  artificial  surface  cracks  indicated  that  difficulty  is  experienced 
in  detecting  defects  less  than  40ym  (0.0016  Inch)  deep.  Results  of  mechanical 
testing  supported  this  conclusion.  It  is  recommended,  therefore,  that  surface 
wave  techniques  be  developed  for  this  important  type  of  defect. 
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In  conclusion,  the  results  of  this  program  show  that  a 45  MHz  ultra- 
sonic shear  wave  technique  has  been  successfully  developed  which  is  more 
sensitive  than  the  previously  developed  longitudinal  wave  technique.  The  re- 
sults also  tend  to  support  the  theory  that  defects  detected  only  by  the  shear 
wave  technique  are  more  likely  to  weaken  the  material,  for  the  particular 
geometry  of  inspection  and  bend  testing  employed.  Investigation  of  artificial 
surface  cracks  shows  that  development  of  surface  wave  techniques  is  warranted 
to  achieve  good  sensitivity  for  this  important  type  of  defect. 
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Under  a previous  contract  (Ref.  1),  it  was  determined  that  high  fre- 
quency ultrasonics  is  best  suited  for  the  inspection  of  materials  that  are 
close  to  theoretical  density.  Therefore,  the  materials  selected  for  this 
program  are  hot  pressed  silicon  nitride  and  hot  pressed  silicon  carbide  which 
are  close  to  theoretical  density.  Two  billets  of  each  material,  one  from 
each  of  two  suppliers,  were  purchased  to  provide  a comparison.  A small 
billet  of  boron-doped,  sintered  silicon  carbide  was  also  inspected  in  this 
program.  The  following  paragraphs  describe  each  of  these  materials  in  more 
deta  i 1 . 

3 . 1 Hot  Pressed  Silicon  Nitride 

Billets  of  NC-132‘*‘  and  Ceralloy  147A*  hot  pressed  silicon  nitride 
were  used  in  this  program.  The  NC-132  was  a 15  x 15  x 0.79  cm  size  billet  of 
Norton's  standard  material  with  a manufacturer  measured  density  of  3.28  g/cm3 . 
it  was  purchased  in  the  as-pressed  condition  and  came  with  a generally  flat 
surface  containing  many  small  pits.  Subsequent  machining  required  the  removal 
of  0.38mm  from  each  side  to  remove  the  majority  of  the  pits. 

The  Ceralloy  147A  is  made  from  99  weight  percent  alpha-silicon  nitride 
powder  (AME|  CP85)  and  one  percent  MgO.  The  powder  is  ground  for  72  hours  in 
tungsten  carbide  and  then  hot  pressed  for  two  hours  at  1750°C  and  4000  ps i (Ref, 
2).  The  Ceralloy  147A  was  a 15  x 15  x 0.64  cm  size  billet  with  a manufacturer 
measured  density  of  3.32  g/cm3.  It  was  received  with  a generally  smooth  sur- 
face (no  pits)  containing  some  large  scale  irregularities  including  a deep 
crease  along  one  edge.  Subsequent  machining  required  the  removal  of  0,25  mm 
from  each  side  to  eliminate  all  surface  irregularities  except  the  deep  groove 

3 2 Hot  Pressed  Silicon  Carbide 

Billets  of  NC-203A"''  and  Ceralloy  l46A"hot  pressed  silicon  carbide  were 
used  in  this  program.  The  NC-203A  was  a 15x15x0.79  cm  size  billet  of  Norton's 
standard  material  with  a manufacturer  measured  density  of  3.32  g/cm3 . It  was 
purchased  in  the  as-pressed  condition  and  came  with  a generally  good  surface 
containing  only  a few  small  pits  except  for  a bad  spot  near  the  center  which 
was  deeply  pitted  on  both  sides.  Subsequent  machining  of  0.4l  mm  from  each 
surface  removed  all  surface  irregularities  except  the  bad  area  in  the  center. 

The  Ceralloy  146A  was  used  in  the  previous  program  (Ref.  1)  where  it  was  pur- 
chased already  machined,  It  is  15  x 15  x 0.64  cm  size  and  has  a density  of 
3 24  g/cm3 . It  is  made  from  98  weight  percent  silicon  carbide  and  two  percent 
AI2O3  (Ref.  2). 


+ Norton  Co-,  Worchester  MA- 

Ceradyne,  Inc.,  Chatsworth,  California 
+ Advanced  Materials  Engineering,  Ltd,  Gateshead,  Co.  Durham,  UK 
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3 . 3 Sintered  Silicon  Carbide 

A 5.0  X 4.6  X 0.64  cm  size  billet  of  boron  doped,  sintered  silicon 
carbide  was  provided  for  this  program  by  the  General  Electric  Co.*  The 
material  was  cold  pressed  from  beta-silicon  carbide  powder  with  small  addi- 
tions of  boron  and  carbon  and  sintered  at  approximately  2100°C  for  30  minutes. 
The  final  billet  density  was  93.5  percent  of  theoretical,  and  based  on  pre- 
vious experience  the  billet  was  expected  to  contain  a number  of  irregularly 
shaped  pores  with  dimensions  as  large  as  200  um  (Ref.  3) • 

3 . 4 Reference  Standards 

Two  ultrasonic  reference  standards  were  used  in  this  program.  The 
first  is  a section  of  Ceralloy  147A  billet  7*30  x 2.17  x 0.64  cm  in  size 
containing  one  seeded  125^m  low  density  (AI2O3)  defect  and  one  seeded  125 
urn  high  density  (WC)  defect  2.5  cm  apart  (see  Figure  1).  This  standard  was 
left  over  from  the  previous  program  in  which  similar  seeded  defects  were 
examined  by  scanning  electron  microscope  (SEM)  fractography  (Ref.  1).  This 
reference  standard  is  called  the  internal  defect  standard  (IDS),  and  appears 
in  each  of  the  C-scans  of  the  program  specimens. 

The  second  reference  standard  is  another  section  of  Ceralloy  147A 
From  the  same  billet  as  the  IDS.  The  standard  is  4.90  x 1.33  x 0.64  cm  in 
size  and  contains  eight  laser  drilled  holes  (see  Figure  2)  of  various  depths 
which  are  not  known  with  any  accuracy.  Two  of  the  holes  were  drilled  at  the 
edge  to  give  an  estimate  of  the  typical  cross-section.  Figure  2 shows 
a)  the  layout  of  the  holes  and  b)  an  18X  micrograph  of  the  cross-section  of 
the  edge  holes.  The  longer  of  the  two  edge  holes  is  about  400  pm  in  diameter 
at  the  opening,  but  only  40  pm  near  the  tip.  Over  the  course  of  its  2600  pm 
depth,  it  increases  in  diameter  by  a factor  of  ten.  The  shorter  hole  is  just 
as  large  at  the  surface  and  slightly  smaller  at  the  tip.  The  other  six  holes 
are  about  the  same  size  at  the  opening,  except  for  F which  is  only  125  pm. 

Holes  F and  H go  all  the  way  through  the  part.  This  reference  standard  is 
called  the  laser  drilled  standard  (LDS)  and  appears  in  most  of  the  shear  wave 
C-scan  recordings. 

An  attempt  was  also  made  to  make  a reference  standard  containing 
surface  cracks.  Petrovic,  et  al  (Ref.  4)  have  shown  that  a Knoop  microhardness 
tester  will,  under  certain  circumstances,  produce  a small  surface  flaw  beneath 
the  hardness  indentation.  A single  flaw  of  this  type  on  the  tensile  surface 
of  a four-point  bend  specimen  has  a strong  tendency  to  be  the  fracture  initia- 
tion site.  Furthermore,  a fairly  linear  relationship  exists  between  the  size 
of  the  defect  created  and  the  indentation  load.  In  hot  pressed  silicon  nitride, 
surface  flaws  in  the  20  to  80  pm  range  can  be  produced  using  a load  in  the  400 
to  2800  g range.  A small  specimen  of  Ceralloy  l47A  left  over  from  the  previous 
program  (Ref.  1)  was  surface  polished  successively  using  3,  6 and  3 micron 
diamond  paste.  Knoop  indentations  were  then  made  in  the  part  using  loads  of 
1,000,  700  and  500  g.  The  specimen  was  then  inspected  using  the  shear  wave 


G.E.  R&D  Center,  Schenectady,  N.Y. 
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Figure  1.  Layout  of  Ceralloy  1^7A,  Hot  Pressed  Silicon 
Nitride  Internal  Defect  Standard  (IDS). 
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Figure  2 


. Layout  of  Laser  Drilled  Holes  in  Standard 
As  Seen  During  Inspection  (i.e.,  Holes  Down) 


. Photograph  of 
Ho  1 e Prof i 1 es 


Edge  Holes  Showing  Typical 

(18X). 


Ceral loy  1A7A,  Hot  Pressed  Silicon  Nitride, 
Standard  (LDS)  Containing  Laser  Drilled  Hole; 
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technique  at  ^5  MHz  with  the  cracks  down.  Although  a slight  signal  could  be 
observed  on  the  A-scan  display  from  the  1000  g load  crack,  the  signal  was  too 
small  to  be  recorded  during  C-scan  inspection.  Based  on  microscopic  measure- 
ments of  the  indentation,  this  crack  is  about  70  microns  across  and  is  pre- 
sumed to  be  about  35  microns  deep.  This  specimen  was  not  suitable  as  a sur- 
face flaw  reference  standard  and  was  not  used.  The  program  schedule  did  not 
ailow  additional  time  to  experiment  with  heavier  loads  to  produce  a useful 
reference  standard  by  this  method. 
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A.O  ULTRASONIC  INSPECTION 


In  the  previous  program  (Ref.  1)  it  was  demonstrated  that  ultrasonic 
longitudinal  wave  inspection  employing  frequencies  in  the  25  to  kS  MHz  range  is 
capable  of  detecting  defects  within  the  10  to  100  pm  range  of  interest  in  this 
program.  Specifically,  voids  as  small  as  25  pm  were  verified  metal lurgical ly, 
and  pulse  height  measurements  from  defects  that  were  not  verified  metal lurgical ly 
indicated  that  voids  as  small  as  13  pm  may  have  been  detected.  However,  the  need 
was  also  identified  to  detect  smaller  defects  than  this  technique  allows  and  to 

detect  defects  that  are  oriented  perpendicular  to  the  tensile  loaded  surface  of  a 

bend  specimen.  Two  methods  were  employed  in  this  program  to  achieve  these  goals. 

One  approach  was  to  use  a higher  ultrasonic  frequency  in  order  to  be  able  to 

detect  smaller  defects.  The  other  approach  was  to  use  shear  wave  inspection, 
both  to  detect  smaller  defects  and  to  detect  defects  oriented  perpendicular  to 
the  specimen  surface. 

. 1 Technical  Background 

Among  the  factors  that  affect  the  ability  of  ultrasonic  waves  to  detect 
defects  is  the  ultrasonic  wavelength,  X.  The  wavelength  must  be  at  least  of 
the  same  order  of  magnitude  as  the  defect  to  be  detected  and  preferably  smaller. 
Yet  it  must  be  larger  than  the  grain  size  of  the  material  to  avoid  reflections 
from  the  individual  grains  of  normal  material  structure  which  would  cause  high 
background  noise  and  high  attenuation.  The  frequency,  f,  of  a sound  wave  in  a 
material  with  acoustic  velocity,  v,  is  given  by 


Therefore,  one  method  that  can  be  employed  in  an  effort  to  detect  larger  defects 
is  to  increase  the  frequency,  thereby  reducing  the  wavelength. 

4.1.1  Shear  Wave  Generation 


An  ultrasonic  beam  traveling  through  a material  can  have  several  differ- 
ent modes  of  vibration,  each  with  its  own  velocity  of  propagation.  Among  these 
are  the  longitudinal  mode  in  which  particles  vibrate  in  the  direction  of  wave 
propagation  and  the  shear  mode  in  which  particles  vibrate  transverse  to  the 
direction  of  wave  propagation.  Although  a liquid  will  not  support  a shear  wave, 
when  a longitudinal  wave  is  incident  at  an  angle  other  than  normal  to  the  inter- 
face between  two  materials,  mode  conversion  generally  occurs.  Shear  waves  can 
therefore  be  generated  in  a material  immersed  in  a liquid  couplant  by  proper 
selection  of  the  angle  of  incidence  of  the  ultrasonic  beam. 

Figure  3 illustrates  the  relationship  between  an  ultrasonic  beam  incident 
at  the  interface  between  two  materials  and  the  resulting  refracted  longitudinal 
and  shear  wave  beams.  The  relationship  between  the  incident  and  refracted  beams 
is  governed  by  the  same  law  that  applies  in  optics,  Snell's  law: 

s i n0 , s in9, 

I _ ^ \ 
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Figure  3-  Illustration  Showing  Refraction  of  a Longitudinal 
Wave  into  Two  Components. 


where  9]  is  the  angle  of  incidence,  62  is  the  angle  of  refraction  and  Vi  and 
V2  are  the  acoustic  velocities  in  media  1 and  2,  respectively.  The  ratio 
between  the  longitudinal  wave  velocity,  V|_,  and  the  shear  wave  velocity, 

V5,  is  given  by: 

Since  a,  Poisson's  ratio  for  the  medium,  is  a number  usually  between  zero  and 
one,  the  shear  velocity  is  less  than  the  longitudinal  velocity.  It  is  therefore 
possible  to  select  an  angle  of  incidence  such  that  6|_,  the  angle  of  refraction 
of  the  longitudinal  wave  in  medium  2,  is  greater  than  90°.  As  long  as  65,  the 
angle  of  refraction  of  the  shear  wave,  is  less  than  90°,  only  the  shear  wave 
will  remain  in  the  material. 

The  materials  of  interest  in  this  program  are  hot  pressed  silicon 
carbide  and  silicon  nitride,  which  are  fully  dense,  and  sintered  silicon  carbide 
with  a density  of  about  3-0  g/cm^.  The  longitudinal  velocities  for  these  mate- 
rials were  measured  in  the  previous  program.  A review  of  the  literature  re- 
vealed no  direct  measurements  of  the  shear  velocities,  however  sufficient  data 
was  obtained  to  calculate  the  shear  velocity.  In  addition  to  equation  (2),  the 
following  relationship  can  be  used  to  calculate  the  shear  velocity: 

w u 

Vs=  ^ (4) 

where  u is  the  shear  modulus  of  a material  of  density,  p.  Table  I lists  a 
number  of  values  of  Poisson's  ratio,  the  shear  modulus  and  the  density  for  the 
three  materials  of  interest  along  with  corresponding  shear  velocities  and 
minimum  and  maximum  angles  of  incidence. 

Since  the  velocities  of  shear  waves  in  the  materials  of  interest 
in  this  program  are  on  the  order  of  sixty  percent  of  the.  longitudinal  wave 
velocities,  another  method  that  can  be  employed  to  reduce  the  ultrasonic  wave- 
length by  almost  a factor  of  two  with  no  increase  in  frequency,  is  to  substitute 
shear  wave  inspection  for  longitudinal  wave  inspection.  Furthermore,  inserting 
values  from  Table  I into  Equation  (2)  reveals  that  the  angle  of  the  beam  inside 
the  material  is  on  the  order  of  45°.  Therefore,  shear  wave  inspection  has  a 
much  higher  probability  of  detecting  defects  oriented  perpendicular  to  the 
surface,  such  as  cracks. 


4.1,2 


Measurement  of  Ultrasonic  Shear  Velocity 


Figure  4 shows  a setup  for  measuring  the  velocity  of  sound  in  a 
ceramic  billet  of  thickness,  t.  In  this  figure,  0 is  the  angle  of  incidence 
of  the  beam,  i|)  is  the  angle  of  the  refracted  shear  wave  and  c is  the  distance 
from  the  edge  of  the  billet  to  where  the  beam  strikes  the  top  surface.  The 
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measurement  technique  consists  of  aligning  the  transducer  in  position  #i  so 
that  the  beam  just  strikes  the  top  corner  of  the  biiiet,  then  moving  the 
transducer  to  position  ttl  where  the  beam  strikes  the  top  corner  after  re- 
flection from  the  bottom  surface.  Measurement  of  the  distance  of  transducer 
travel,  c,  and  the  timt  of  flight  of  the  ultrasonic  beam,  T,  in  position  §2 
can  then  be  used  to  find  i}i,  the  shear  velocity,  Vg,  and  6 from  the  following 
equations ; 

<P  =•  tan  ’ ^§7^  (5) 


(6) 

(7) 


Where  Vl  is  the  longitudinal  sound  velocity  in  water.  The  angle  of  incidence, 
9,  is,  of  course,  set  by  the  operator,  but  this  technique  allows  an  accurate 
calculation  to  be  made  of  the  actual  beam  angle. 


4.1.3 


Location  of  Defects  Detected  by  Shear  Wave  Inspection 


in  order  to  make  fluxural  strength  specimens  containing  ultra- 
sonically  detected  flaws  near  the  tensile  surface,  it  is  necessary  to  make 
accurate  determinations  of  defect  locations.  While  the  C-scan  recording 
presents  a two-dimensional  picture  of  defect  locations,  it  provides  indica- 
tions that  are  much  larger  than  the  actual  defect  size,  therefore  introducing 
uncertainty  as  to  the  actual  defect  location.  Also,  hysteresis  in  the  scanning 
system  used  in  these  tests  introduces  additional  uncertainty.  These  un- 
certainties are  not  significant  in  the  inspection  of  metals,  where  relatively 
large  defects  must  be  detected.  For  locations  of  very  small  defects  in  ceramics, 
however,  they  represent  a serious  problem.  For  longitudinal  wave  inspection, 
defects  were  located  by  obtaining  the  peak  defect  signal  and  then  marking  the 
outline  of  the  transducer  on  the  part.  The  defect  was  then  assumed  to  be  at 
the  center  of  the  transducer.  It  was  hoped  by  this  method  to  locate  defects 
within  ±0.38  mm.  Based  on  the  results  of  the  flexural  strength  testing,  how- 
ever, it  seems  unlikely  that  this  accuracy  was  achieved. 


Even  if  the  technique  used  for  longitudinal  wave  inspection  were 
sufficiently  accurate,  it  is  not  applicable  for  shear  wave  inspection  because 
the  transducer  is  not  located  directly  over  the  defect.  Therefore,  the  follow- 
ing scheme  has  been  worked  out  to  locate  defects  detected  by  shear  wave 
i ns pec  t ion . 
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Having  accurately  determined  the  shear  velocity  in  the  material 
and  the  angle  of  beam  incidence,  the  same  setup  can  then  be  used  to  measure 
defect  locations  as  shown  in  Figure  5.  Once  again  the  edge  of  the  billet  is 
used  for  a reference.  In  this  case,  however,  the  defects  can  be  viewed  either 
from  position  §2  or  position  ifi  or  both.  In  position  #3  the  beam  strikes  the 
defect  after  reflection  from  the  bottom  surface.  The  two  coordinates  that 
define  the  defect  location  in  the  plane  shown  are  d,  the  depth  from  the  top 
surface,  and  r,  the  distance  from  the  reference  edge  of  the  billet.  The  measure- 
ment technique  is  to  position  the  transducer  at  the  point  of  maximum  signal 
response  from  the  defect  and  then  measure  c and  T.  T is,  of  course,  measured 
from  the  A-Scan  display  of  an  oscilloscope.  The  defect  coordinates  are  then 
given  by  the  following  equations: 

a)  Defect  detected  by  beam  going  down: 

d = Vj  T costfi  (8) 

b)  Defect  detected  by  beam  going  up  (reflected  from 
bottom  surface)  : 

d = 2t  - T cos<t>  (9) 

c)  Defect  detected  by  both  methods: 

d = t — rr— - 

2 tan(l) 

or  d = t-  ^ 

and  for  all  the  above  cases 

r = c - T s i n4i  (12) 


(10) 

(11) 


In  Equations  (10)  and  (11),  the  subscripts  1 and  2 refer  to  measurements  made 
with  the  beam  going  down  and  up,  respectively.  In  Equation  (12)  either  Cj 
and  Tj  or  c^  and  T^  may  be  used  for  the  case  where  defects  are  detected  by 
both  methods. 

These  equations  provide  the  values  d and  r which  can  conveniently 
be  used  to  locate  defects  from  a reference  edge  for  machining.  The  third  co- 
ordinate is  the  distance  of  the  transducer  from  the  side  edge  of  the  part. 

4.2  Higher  Frequency  Ultrasonic  Inspection 

A 75  MHz  broadband  delay  type  ultrasonic  transducer  was  procured  for 
this  program.  It  has  a 6.4  mm  diameter  element  and  a fused  silica  delay  line 
sized  to  allow  operation  at  up  to  a 12.7  mm  water  path.  The  end  of  the  delay 
line  is  machined  to  provide  a focal  length  of  50  mm  in  water.  The  spectrum 
analysis  provided  with  the  transducer  indicates  a significant  output  over  a 
range  of  45  to  75  MHz  with  a sharp  peak  at  about  68  MHz. 
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Detected  by  Ultrasonic  Shear  Wave 
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This  transducer  was  connected  to  the  existing  instrumentation  and 
an  effort  was  made  to  detect  the  seeded  defects  in  the  IDS.  This  was  totally 
unsuccessful.  The  number  of  back  surface  reflections  observed  on  the  A-scan 
display  was  considerably  less  than  with  the  A5  MHz  transducer  indicating 
considerably  reduced  sensitivity.  It  was  concluded  that  either  the  trans- 
ducer is  not  as  sensitive  or  the  bandwidth  of  the  receiver  is  not  adequate 
to  achieve  good  sensitivity  at  the  frequency  of  operation  of  the  transducer, 
or  most  likely  both.  Since  instrument  development  was  not  within  the  scope 
of  this  contract,  no  attempt  was  made  to  improve  the  instrument  bandwidth. 

A . 3 Shear  Wave  Inspection 

The  major  goal  of  the  ultrasonic  inspections  was  to  identify  defects 
that  could  be  detected  by  shear  wave  inspection,  but  not  by  longitudinal  wave 
inspection.  Such  defects  are  expected  to  be  oriented  perpendicular  to  the 
billet  surface  and  therefore  to  have  the  highest  stress  concentration  when  a 
surface  parallel  to  the  billet  surface  is  used  as  the  tensile  surface  of  a 
four-point-bend  specimen.  In  order  to  determine  such  defects  each  of  the 
billets,  except  the  sintered  silicon  carbide,  was  first  thoroughly  inspected 
using  the  longitudinal  wave  technique  developed  in  the  previous  program  and 
then  by  the  shear  wave  technique.  The  longitudinal  wave  inspection  consisted 
of  three  scans,  one  focused  at  the  centerplane  of  the  billet  and  one  focused 
near  each  surface  from  the  opposite  side.  The  shear  wave  inspection  consisted 
of  four  scans,  two  from  each  side  of  the  billet  oriented  90°  apart  and  focused 
near  the  opposite  surface.  The  two  orientations  were  required  to  detect  defects 
of  different  orientations  and  also  to  cover  the  deadband  which  occurs  along 
one  edge  of  a part  during  shear  wave  inspection.  The  focal  length  used  was 
selected  because  it  was  found  that  the  seeded  defects  in  the  IDS  could  be  detected, 
even  though  the  transducer  was  not  focused  at  the  centerplane  of  the  billet. 

A secondary  goal  of  these  inspections  was  to  determine  the  effect  of 
surface  finish  on  inspection  results.  Therefore,  the  billets  that  were  pur- 
chased new  for  this  program,  the  NC-132,  NC-203A  and  Ceralloy  lA7A  were  pur- 
chased as  pressed.  A few  initial  inspections  were  performed  and  then  the 
billets  were  machined  to  clean  up  the  surface  using  a 320  grit  diamond  wheel. 

In  the  case  of  the  NC-132  and  NC-203A,  a 220  grit  diamond  wheel  was  used  for 
rough  machining  and  then  the  320  grit  wheel  was  used  to  provide  the  final 
surface  finish. 

Early  in  the  program  a shear  wave  technique  was  used  in  which  the 
ultrasonic  defect  gate  width  was  set  to  be  equal  to  the  time  required  for  the 
beam  to  travel  from  the  top  surface  to  the  bottom  surface  of  the  billet.  This 
technique  successfully  detected  the  defects  in  the  IDS  and  created  only  a small 
deadband.  However,  this  technique  could  not  detect  the  lasei  drilled  holes  in 
the  IDS.  When  the  gate  width  was  doubled  the  laser  drilled  holes  were  detected 
but  the  deadband  was  also  doubled.  Inspection  of  the  billet  of  Ceralloy  IA7A 
by  both  techniques  showed  that  the  double  gate  width  also  allowed  detection  of 
more  naturally  occurring  defects . Therefore , all  of  the  final  shear  wave  in- 
spection were  accomplished  using  the  double  gate  width  technique. 
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The  following  sections  present  the  results  of  the  various  ultrasonic 
inspections  and  the  conclusions  that  can  be  drawn  from  these  results.  In  each 
C-scan  recording  presented  the  corners  of  the  billets  and  the  IDS  are 
numbered  to  show  orientation.  In  the  shear  wave  scans  the  lines  drawn  by 
the  stylus  are  parallel  to  the  direction  in  which  the  transducer  was  tilted. 
Since  the  C-scan  recorder  tefids  to  enlarge  indications  in  the  direction  of 
scan,  the  large  dimension  of  a defect  is  likely  to  be  perpend icular  to  the 
large  dimension  of  the  indication.  This  can  only  be  determined  for  certain 
by  comparing  the  results  of  two  scans  made  90°  apart.  In  addition,  some  of 
the  particularly  long  indications  are  caused  by  the  fact  that  some  defects 
are  detected  twice;  once  when  the  beam  is  going  down  and  again  after  reflec- 
tion off  the  bottom  surface.  If  the  defect  is  close  to  the  bottom  these  two 
indications  may  be  connected  to  make  one  long  indication.  It  should  also  be 
noted  that  indications  in  a C-scen  recording  can  be  caused  by  real  defects 
within  the  gate,  by  surface  anomalies  that  cause  the  defect  gate  to  shift 
into  an  interface  pulse,  or  by  random  reflected  ultrasonic  waves  or  electrical 
noise.  Most  of  the  indications  seen  in  the  unmachined  billets,  for  example, 
are  caused  by  shifting  of  the  defect  gate.  On  a C-scan  recording  of  a machined 
billet  indications  which  consist  of  more  than  one  adjacent  line  (usually  off- 
set slightly  because  of  hysteresis)  are  caused  by  defect  pulses  within  the 

gate.  Small  defects  on  the  top  surface  as  well  as  ultrasonic  or  electrical 

noise  usually  cause  short,  single  lines.  Short,  single  lines  are  also  caused, 
however,  by  very  small  defects.  The  only  way  to  differentiate  is  to  examine 
the  A-scan  display  on  the  oscilloscope  or  to  compare  successive  scans  for 
indications  that  appear  repeatedly  from  different  orientations  or  from  dif- 
ferent sides  of  the  billet.  It  was  not  necessary  to  fulfill  the  program 

objective  to  examine  all  of  the  indications  of  this  type  that  were  found  on 

the  many  C-scan  recordings  made  in  this  program.  Nevertheless,  of  the  ones 
that  were  examined,  the  majority  were  found  to  be  real  defects.  These  factors 
should  be  considered  in  interpreting  the  results  of  the  shear  wave  inspections. 

4.3.1  Effect  of  Surface  Finish 

Figures  6 through  13  show  some  typical  C-scan  recordings  that 
illustrate  the  results  observed  for  the  materials  that  were  inspected  before 
and  after  surface  machining.  Figures  6 and  7 are  C-scan  recordings  of  the 
Ceralloy  14?A  at  45  MHz  using  an  11°  angle  of  incidence.  The  single  gate 
width  technique  was  used.  In  these  two  figures  four  indications  are  labelled 
with  the  letter  D indicating  that  they  are  internal  defects  that  appear  in 
both  scans.  All  the  other  indications  in  Figure  6 are  due  to  surface  defects. 
The  other  indications  in  Figure  7 are  mostly  internal  defects  that  were  not 
previously  detected.  Some  are  defects  in  the  new  surface.  Figures  8 and  9 
are  C-scan  recordings  of  ultrasonic  longitudinal  wave  inspections  of  NC-132  at 
45  MHz  before  and  after  machining.  Figure  8 shows  extensive  areas  of  surface 
related  indications  caused  by  pitting.  In  Figure  9.  the  one  internal  defect 
detected  is  labelled  D.  The  other  indications  are  caused  by  flaws  in  the  new 
surface.  Figures  10  through  I3  are  C-scan  recordings  of  longitudinal  and  shear 
wave  inspections  of  the  NC-203A  at  45  MHz  before  and  after  machining.  This 
billet  had  an  area  of  surface  porosity  near  the  center  on  both  sides  before 
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Figure  6.  C-scan  Recording  of  ^5  MHz,  11°  Ultrasonic  Shear 

Wave  Inspection  of  Ceralloy  1^7A  Before  Machining. 
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Figure  10.  C-scan  Recording  of  k\)  MHz  Longitudinal  Wave 
Inspection  of  NC-203A  Before  Machining. 
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Figure  11.  C-scan  Recording  of  ^*5  MHz  Longitudinal  Wave 
Inspection  of  NC-203A  After  Machining. 
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machining.  After  machining  a smaller  area  remained  on  the  bottom  side  as  these 
scans  were  made.  As  can  be  seen  in  Figure  11,  the  longitudinal  wave  inspection 
with  the  beam  focused  at  the  center  of  the  billet  did  not  detect  the  area  of 
porosity  on  the  bottom  side.  The  shear  wave  inspection  (Figure  13),  however, 
did  detect  the  porosity  near  the  bottom  surface . 

It  is  concluded  from  these  inspections  that  significant  surface 
flaws  cause  indications  on  the  C-scans,  but  they  also  can  mask  internal  defects. 

How  much  this  effect  might  be  a problem  on  an  actual  part,  such  as  an  airfoil, 
will  have  to  be  further  evaluated.  Surface  flaws,  as  large  as  the  ones  removed 
by  machining  these  specimens,  are  likely  to  be  more  serious  than  the  internal 
flaws  they  mask. 

4.3.2  Effect  of  Gate  Length  on  Shear  Wave  Results 

Figure  7 shows  the  IDS,  LDS  and  billet  of  Ceralloy  147A  inspected 
using  the  single  gate  width  shear  wave  technique.  Figure  14  shows  the  same 
scan  made  with  the  double  gate  width  technique.  In  Figure  14  the  deadband 
along  the  right  hand  edge  of  each  part  is  twice  as  large  as  in  Figure  7,  the 
holes  in  the  LDS  are  seen,  the  indications  from  the  seeded  defects  in  the  IDS 
are  larger  and  there  are  many  more  indications  in  the  Ceralloy  147A.  It  was 
concluded  from  these  scans  that  the  double  gate  width  technique  offers  improved 
sensitivity  and  reduces  the  probability  of  failing  to  detect  a large  defect 
(such  as  the  holes  in  the  LDS)  due  to  unfavorable  orientation. 

4.3.3  Comparison  of  Longitudinal  and  Shear  Wave  Results 

The  Ceralloy  146A,  which  was  inspected  in  the  previous  program 
using  longitudinal  waves  and  found  to  have  only  a few  small  defects,  was  not 
found  to  have  any  additional  defects  by  shear  wave  inspection.  The  billets 
of  NC-203A  were  also  found  to  be  relatively  free  of  defects,  except  for  the 
area  of  visible  surface  porosity  near  the  center.  This  area  was  detected  both 
by  shear  wave  inspection  from  either  side  (Figures  13  and  15)  and  by  longi- 
tudinal wave  inspection  from  the  same  side  (Figure  I6).  The  A-scan  display 
observed  during  the  inspection  shown  in  Figure  16  revealed  that  this  defective 
area  is  not  confined  to  the  surface  but  extends  somewhat  into  the  material. 

The  billet  of  NC-132  was  also  '■elatively  free  of  defects.  In 
addition  to  one  small  defect  detected  by  longitudinal  wave  inspection  (labelled 
D in  Figure  9),  a number  of  mostly  small  defects  were  detected  by  the  shear 
wave  technique  (Figures  17  and  18).  These  two  figures  show  C-scan  recordings 
for  shear  wave  inspections  made  at  two  orientations  90°  apart.  The  indications 
labelled  D appear  in  both  figures.  Subsequent  measurements  of  defect  depths 
revealed  most  of  these  indications  to  be  the  result  of  residual  surface  pits 
that  were  too  deep  to  remove  by  surface  machining.  In  contrast,  the  billet  of 
Ceralloy  147A  was  found  to  have  a large  number  of  defects  scattered  throughout 
the  part  (Figure  14).  Because  of  the  large  number  of  scans  and  the  large  number 
of  defects  in  each  scan,  it  is  difficult  to  present  an  overall  recording  of  the 
inspection  results  on  this  billet  which  would  clearly  distinguish  the  circumstances 
under  which  each  defect  is  detected.  However,  Figures  19  and  20  summarize  the 
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Figure  15-  C-scan  Recording  of  kS  MHz,  11°  Shear  Wave 
Inspection  of  NC-203A  After  Machining  with 
Surface  Porosity  Up. 
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results  of  the  longitudinal  and  shear  wave  inspections,  respectively. 

Each  figure  was  made  by  making  a transparency  from  one  C-scan  recording 
and  then  laying  that  over  the  other  C-scan  recordings  and  tracing  any 
new  indications.  Figure  19,  therefore,  is  a composite  of  the  three 
longitudinal  wave  inspections  made  at  three  different  focal  planes, 
while  Figure  20  is  a composite  of  the  four  shear  wave  inspections  made 
at  two  orientations  at  each  of  two  focal  planes.  in  Figure  20  it  should 
be  noted  that  a number  of  cases  exist  where  indications  form  a + or  L 
shape.  These  are  caused  by  defects  that  are  detected  Trcm  two  different 
orientations  90°  apart.  The  exact  relationship  between  the  two  indications 
depends  on  the  depth  of  the  defect  and  on  whether  it  was  detected  by  the 
beam  going  down  or  up  or  both  By  overlapp  ng  the  two  transparencies 
from  which  these  figures  were  made  the  defects  were  identified  that  were 
only  detected  by  shear  wave  inspection 

The  following  observations  were  made  from  a careful  comparison 
of  the  various  inspections  of  the  billet  of  Ceralloy  1^7A: 

1.  The  shear  wave  technique  is  capable  of  detecting  substantially 
more  defects  than  the  longitudinal  wave  techniques,  i.e.,  a 
large  number  of  defects  can  only  be  detected  by  the  shear 
wave  technique; 

2.  A small  number  of  defects  were  only  detected  by  the  long- 
itudinal wave  technique  (.1  is  natural  to  assume  that  these 
defects  lie  in  an  unfavorable  ptane  to  shear  waves,  i.e., 

in  a nlane  oarallel  to  the  bil'et  surfaces); 

3.  A large  number  of  defects  we'e  on  i y detected  by  one  of  the 
two  inspections  made  90°  apart  (showing  the  sensitivity  of 
inspection  beam  orientat  on  to  defect  orientation); 

A.  Some  defects  are  only  detected  f^om  one  side  of  the  billet 
(defects  near  a billet  surface  are  outside  of  the  focal 
p’ane  of  the  transducer  when  that  surface  is  up) 

The  results  indicate  that  defect  orientation  has  a significant 
effect,  as  expected,  and  that  a numbe'  of  scans  are  required  to  obtain 
complete  part  defect  coverage. 

The  billet  of  sintered  silicon  carbide  is  quite  small,  so  to 
obtain  complete  coverage  fou'  longitud  nal  wave  inspections  were  performed, 
two  90°  apart  focused  at  the  centei*  and  one  focused  near  each  surface 
from  the  opposite  side  The  C-scan  recordings  of  these  inspections  are 
shown  in  Figures  21  to  2k  One  shear  wave  inspection  was  also  performed 
on  this  billet  The  C-scan  recording  (Figu'e  25)  shows  that  the  deadband 
covers  almost  half  of  this  part  Because  of  th  s problem  and  because 
further  evaluations  of  this  bil'et  in  another  program  are  planned, 
further  shear  wave  inspections  of  this  b’Met  were  not  performed.  The 
primary  purpose  of  inspecting  this  billet  was  to  determine  the  ability 
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Figure  21 


Figure  2k 


C-scan  recording  of  Ultrasonic  Longitudinal  Wave 
Inspection  of  Sintered  Silicon  Carbide  Billet  and 
Internal  Defect  Standard  at  a Frequency  of  k5  MHz 
with  a Water  Path  of  5 mm. 
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gure  25. 


C-scan  Recording  of  ^5  MHz,  11°  Shear  Wave 
Inspection  of  Sintered  Silicon  Carbide  Billet. 
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of  high  frequency  ultrasonic  inspection  to  detect  the  few  small  pores 
that  are  expected  to  be  in  this  already  wel 1 -character i zed  material. 

The  four  longitudinal  scans  revealed  twenty-one  different  defects.  The 
shear  wave  inspection  showed  five  defects,  three  of  v/hich  had  not  previously 
been  detected,  bringing  that  total  to  twenty-four.  This  is  about  double 
the  number  of  pores  the  manufacturer  expected  to  find  in  this  sample.  Fur- 
ther evaluations  will  be  required  to  determine  the  reason  for  this  unexpected 
resu 1 t . 

Measurement  of  Shear  Wave  Velocity  and  Defect  Location 

Based  on  the  results  of  the  ultrasonic  inspections,  twenty-five  defects 
in  the  billet  of  Ceralloy  1^7^  '"^nd  six  defects  in  the  billet  of  fJC-132  v/ere 
selected  for  location  measurement.  Two  criteria  wereuased  to  select  these 
defects:  1)  that  they  be  detected  by  shear  wave  inspection  only;  and  2)  that 

I they  be  located  so  that  a flexural  strength  specimen  could  be  machined  para- 

j lAel  to  a billet  edge  to  include  the  defect  without  interfering  vjith  another 

[ specimen  on  the  edge  of  the  billet.  The  techniques  described  in  section  k.\ 

I were  used  to  measure  the  shear  wave  velocity  and  defect  locations.  The  pro- 

cedure was  to  make  the  defect  measurements  using  two  billet  orientations  90°  apart, 
in  order  to  compare  the  measurements- made  using  the  shear  beam  (along  the  direc- 
tion of  beam  travel)  and  by  direct  measurement  of  the  transducer  location  (per- 
pendicular to  the  direction  of  beam  travel).  At  the  same  time  that  the  defect 
location  data  was  taken,  shear  velocity  data  was  taken  at  five  points  along  the 
edge  of  the  billet.  The  data  taken  is  summarized  in  Tables  II  and  III  along  with 
calculated  results.  The  measured  value  of  the  shear  wave  velocity  for  Ceralloy 
147A  is  in  excellent  agreement  with  the  calculated  values  in  Table  I,  some  of 
which  were  calculated  using  the  longitudinal  wave  velocity  in  the  same  material. 

The  shear  wave  velocity  for  NC-132  is  significantly  higher,  indicating 
that  the  shear  modulus  is  higher  for  this  material.  The  calculated 
coordinates  for  defect  locations  are  arranged  to  allow  comparison  of  the 
I two  results.  For  the  cases  in  Table  II  where  two  values  are  available 

the  average  errors  were  calculated  to  be  2.1  mm  for  X,  3.2  mm  for  Y and 
0.A8  mm  for  d.  Since  the  specimen  d i mens i ons  over  which  a uniform  stress 
is  applied  are  6. A x 19.1  mm,  these  accuracies  were  deemed  adequate  to 
place  the  detected  defects  within  the  uniform  stress  region.  For  the 
data  in  Table  III  the  errors  of  3-1  mm  for  X,  39  mm  for  Y and  0.21  mm 
for  d if  we  ignore  defect  no  4,  where  it  appears  two  different  defects 
were  measured.  In  this  case  three  of  the  four  defects  used  for  specimens 
were  identified  on  the  billet  surface  so  that  direct  measurements  could 
be  made  for  machining  specimens 
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DEFECT  LOCATION  RESULTS  IN  CERALLOY 
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Calculated  value 

Defect  measured  both  directly  and  after  reflection  of  beam  from  bottom  surface 


5.0  VERIFICATION  OF  ULTRASONIC  EVALUATION 


BY  MECHAN’CAL  TESTING 


The  purpose  of  the  mechanical  testing  was  to  expose  the  defects 
detected  only  by  shear  wave  inspection  for  SEM  fractography  and  to  deter- 
mine what  correlation  exists  between  defect  indications  and  flexural  strength. 
Standard  four-point-bend  testing  was  used  with  specimens  machined  so  as  to 
locate  ul trason ical ly  detected  defects  near  the  tensile  surface.  Since  only 
the  Ceralloy  14?A  contained  a large  enough  number  of  defects  to  allow  a sig- 
nificant number  of  defect-containing  specimens  to  be  machined,  the  majority 
of  testing  was  done  with  this  material.  A few  specimens  of  NC-132  containing 
surface  defects  were  also  tested. 

5 . 1 Test  Procedures 

Standard  bend  tests  were  performed  at  room  temperature  using  a 
tensile  loading  bend  test  Jig  with  un i versa  1 -Jo i nt  coupling  to  ensure  load 
alignment.  Specimens  with  a two-to-one  w i d th- to- t h i ckness  ratio  were 
tested  at  a constant  crosshead  speed  of  0.51  mm/min(0.02  inches/min)  with 
load  pins  having  an  inner  span  of  6.4  mm(l/4  inch)  and  an  outer  span  of  19.1 
mm  (3/4  inch)  to  provide  a "third  point"  load  span.  Moment  and  stress  dis- 
tributions during  testing  are  shown  schematically  in  Figures  26  and  27  with 
relevant  dimensions  and  formulae.  In  Figure  27  the  simple  tensile  stress, 
at  some  location  Y above  the  neutral  axis  and  between  the  inner  loading  pins, 
is  indicated.  If  Y represents  the  location  of  a particular  defect,  and  if 
a suitable  stress  concentration  factor  can  be  assigned  to  this  defect,  then 
a simple  calculation  would  provide  an  estimate  o<^  the  effective  stress  at 
this  point  from  which  it  should  be  possible  to  f-.'edict  the  fracture  strength 
of  the  specimen.  Conversely,  knowing  the  location  of  the  defect  and  the 
fracture  stress,  a value  for  the  stress  intensity  factor  can  be  calculated. 

5 . 2 Ceralloy  147A  Hot  Pressed  Silicon  Nitride 

5.2  1 Specimen  Preparation 

Fifteen  of  the  twenty-five  defects  whose  locations  were  measured  were 
selected  for  flexural  strength  specimens.  The  defects  were  selected  to  allow 
all  of  the  specimens  to  be  oriented  in  the  same  direction  on  the  billet  with 
no  overlap  and,  to  the  extent  possible,  with  the  major  axis  of  the  defects 
perpendicular  to  the  length  of  the  specimen.  The  precision  of  the  defect 
location  data  was  also  considered  in  selecting  the  defects.  Figure  28  shows 
the  specimens  mapped  out  on  the  composite  shear  wave  C-scan  recording,  '^he 
specimens  were  initially  cut  to  the  desired  length  (31.8mm)  and  width  (6.4mm), 
but  with  the  billet  thickness.  The  bottom  surface,  as  seen  during  defect 
location  measurement,  was  machined  to  within  0.25  mm  of  the  deepest  measured 
defect  location,  and  then  the  top  surface  was  machined  to  obtain  the  final 
specimen  thickness  of  3>2mm,  All  of  the  long  sides  of  each  specimen  were 
finish  machined  parallel  to  the  specimen  length  with  a 320  grit  diamond 
wheel.  The  corners  were  then  chamfered  0,1  mm  at  45°. 
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THIRD-POINT  LOADING  BEND  TEST 


MOMENT  DISTRIBUTION 


Figure  26.  Test  Conditions  for  Flexurai  Strength  Determinations 


STRESS  DISTRIBUTION 


MOMENT  OF  INERTIA,  1,  ABOUT  NEUTRAL  AXIS  (RECTANGULAR  SECTION)  = 

bh3 

12 

a b (OUTER  FIBLR)  = ^ ^ = P/ 

21  6 21  W 

^ (FLAW)=K  illL  . WHERE  K = GEOMETRIC  STRESS  CONCENTRATION 
^ ^ FACTOR 

Figure  27,  Stress  Distribution  and  Equations  for  Rectangular 
Bar  Specimens. 


5.2.2  Flexural  Strength 

Table  IV  lists  the  flexural  strength  of  each  specimen  along 
with  the  distance  of  the  fracture  origin  from  the  center  and  the  pulse 
height  of  the  ultrasonic  signal  from  the  defect.  These  pulse  heights  are 
given  in  cm  and  are  referenced  to  a 5 cm  signal  from  a 125  J^m  tungsten 
carbide  seeded  defect  In  the  IDS.  Since  the  transducer  was  not  necessar- 
ily focused  on  the  defect  for  these  measurements,  the  pulse  heights  can 
not  be  expected  to  be  an  accurate  Indication  of  defect  size.  The  average 
strength  of  these  specimens  Is  609  MN/m  . The  strength  of  the  strongest 
specimen,  No.  12,  Is  probably  an  anomaly  since  It  was  accidently  machined 
12  mm  thinner  than  the  others.  The  weakest  specimens.  Nos.  3.  8 and  9, 
fractured  from  apparent  corner  Initiation  sites.  Of  the  remaining  speci- 
mens, four  have  a high  probability  of  having  initiated  failure  at  the 
ul trasonical ly  detected  defect.  These  specimens.  Nos.  2,  6,  7 and  10, had 
an  average  strength  of  605±91  MN/m^  (87. 6-f  1 3 .2  ksi).  Of  the  other  seven 
specimens.  Nos.  k and  13  appear  to  have  broken  through  defects  but  this 
could  not  be  confirmed  because  the  fracture  origin  was  lost  due  to  speci- 
men shattering.  The  other  five,  which  broke  at  multiple  surface  origins 
had  an  average  strength  of  7^1  + 22  MN/m^  (107.^  t 3.2  ksi).  Using  the 
Student-t  distribution  these  averages  test  significantly  different  at  the 
90^  confidence  level  (Ref.  8). 

5 2.3  SEM  Fractography 

Fracture  surfaces  of  selected  specimens  were  examined  by  scanning 
electron  microscopy  to  identify  and  characterize  any  obvious  fracture 
initiation  sites.  The  primary  purpose  was  to  help  identify  those  speci- 
mens that  had  broken  through  ul trasonical ly  detected  defects  and  to  obtain 
an  estimate  of  the  size  of  these  defects.  A thin  layer  of  vapor  deposited 
copper  ( 5008)  was  applied  to  the  surfaces  to  eliminate  charging  effects. 

In  many  of  these  specimens  shattering  occurred  at  the  fracture  surface,  so 
that  only  one  side  of  the  fracture  origin  could  be  found. 

Figure  29  shows  the  matching  fracture  surfaces  of  specimen  #2  alone 
with  200  and  lOOOX  views  of  the  fracture  origin  in  the  top  low  magnifica- 
tion view.  The  fracture  origin  is  seen  to  be  an  area  of  about  100  by  AO  u m 
of  large  crystals  located  approximately  300  urn  below  the  tensile  surface 
and  1.7  mm  off  center.  This  defect  is  similar  to  the  large-grain,  high 
density,  silicon  rich  defects  identified  by  Baumgartner  and  Richardson  in 
HS  130  grade  silicon  nitride  (Ref.  9).  Figure  30  shows  the  fracture  origin 
of  specimen  6.  At  50X  the  fracture  origin,  which  is  located  about  1.6  mm 
off  center  in  the  specimen  is  seen  as  a V-shaped  defect  at  the  surface  with 
a small  semi-circular  mirror  region.  At  successively  higher  magnifications, 
this  defect  appears  to  be  a crack  running  in  perpendicularly  from  the  speci- 
men surface  and  then  branching  into  an  inverted  Y.  The  fracture  origin  of 
specimen  7 is  shown  in  Figure  31  '’t  FO  2onx.  It  is  a small  defect  at 
the  center  of  the  specimen,  60wn  below  the  tensile  surface.  Figure  32,  wme! 
shows  both  sides  of  the  defect  at  lOOOX,  indicates  that  one  side  of  the 
specimen  contains  a hole  which  was  left  by  material  which  pulled  out  and 
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TABLE  IV 


FLEXURAL  STRENGTH  OF  HOT  PRESSED 


1 . Ceral loy  147A 


Spec i men 
No. 

Pu  1 se 
Ht . cm 

Flexura I 
MN/m'^ 

Strength 
ks  i 

Fracture  Location 
Along  Length 
mm  from  center 

HiX 

SEM 

1 

A.O 

717 

104.0 

2.4 

No 

2 

k.5 

683 

99.1 

1.9 

Yes 

3 

2.3 

191 

27.7 

3.6 

Yes 

k 

5.5 

645 

93.6 

4.0 

No 

5 

1.0 

728 

105.6 

2.4 

No 

6 

3.5 

619 

89.8 

1.5 

Yes 

7 

1.2 

636 

92.3 

1.3 

Yes 

8 

oo 

OO 

CD 

CO 

56.3 

5.1 

No 

9 

5.5 

330 

47.9 

0.3 

Yes 

10 

^ 6 

472 

68.5 

0.0 

Yes 

1 1 

1.2 

733 

106.3 

3.6 

Yes 

12 

5.k 

793 

115.1 

0.8 

No 

13 

5.2 

669 

97. 1 

1,8 

Yes 

\k 

3.3 

754 

109.4 

0.4 

No 

15 

3.0 

i 

1 

111.8 

2.4 

No 

2.  NC-132 

21 

4.2 

367 

53.2 

O.C 

Yes 

22 

0.8 

111 

46.7 

0.5 

Yes 

23 

0.2 

369 

53.5 

1.5 

Yes 

Ik 

0.5 

456 

66.2 

2.4 

Yes 

! 
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Figure  32. 


Fracture  Initiation  Site  in  Specimen 
7 at  High  Magn i f i cat  ion . 
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stayed  in  the  other  half.  The  defect  is  about  30  x 70  ►-m  and  consists  o' 
several  unidentified  flake-like  crystals.  Figure  33  shovjs  one  side  of  ■ 
fracture  origin  In  specimen  10,  which  is  located  O.k  mm  off  center  and  ICl-. 
below  the  tensile  surface.  At  2000X  it  Is  seen  to  be  an  area  of  lar 
crystals  about  20  x kO  pm.  Figure  shows  one  side  of  specimen  13- 
mirror  indicates  the  fracture  origin  is  at  or  near  the  surface  rather  than 
at  the  defect  that  is  present  at  a location  that  correlates  well  with  the 
ultrasonic  indication.  The  other  side  of  the  specimen  shattered,  so  that 
the  defect  may  have  been  lost  as  a result.  It  is  therefore  not  clear  whether  or 
not  this  specimen  failed  as  a result  of  the  u 1 trason i ca  1 1 y de*:''':ted  defect. 

5.2.4  Correlation  with  Ultrasonic  Results 

Of  the  fifteen  specimens  tested,  one  was  improperly  machined  and 
three  others  broke  at  low  strengths  at  corner  initiation  sites.  Of  the 
remaining  eleven,  four  appear  to  have  failed  at  u 1 t rason ica 1 1 y detected 
defects,  two  are  uncertain  and  five  appear  to  have  failed  from  causes  other 
than  the  u 1 trason i ca I 1 y detected  defects.  The  defects  measured  were  oener- 
ally  smaller  than  100pm, which  was  exoer.ted  since  thev  onve  ultrasonic 
reflections  somewhat  smaller  than  the  seeded  125pm  wC  defect  in  the  IDS. 

They  were  also  located  within  the  accuracies  expected  from  the  standard 
deviations  of  the  measurement  data,  ±3200pm  along  the  specimen  length, 

±2100, .m  along  the  specimen  width  and  within  +480pm  of  the  maximum  measured 
depth  p'us  250pm,  It  should  be  noted  that  this  last  tolerance  involves 
ihe  necessary  risk  of  machining  away  u 1 trason ica 1 1 y detected  defects  in  an 
attempt  to  locate  them  near  the  tensile  surface.  These  results  are 
summarized  in  Table  V. 

5. 3 NC-132  Hot  Pressed  Silicon  Nitride 

5 3-1  Specimen  Preparation 

Four  of  the  six  defects  whose  locations  were  measured  were  selected 
for  flexural  strength  specimens.  Three  of  these  four  defects  were  found  to 
be  surface  pits  and  the  fourth  was  identified  by  depth  measurement  as  being 
close  to  the  surface.  The  specimens  were  prepared  in  the  same  manner  as  the 
specimens  of  Ceralloy  147A,  except  that  no  material  was  machined  from  the 
tensile  surface  in  order  to  avoid  removing  the  defects.  Figure  35  shows  a 
layout  of  the  specimens  on  the  C-scan. 


5.3-2  Flexural  Strength 

Table  IV  lists  the  flexural  strength  of  each  specimen,  the  distance 
of  the  fracture  origin  from  the  center  along  the  length,  and  the  pulse  height 
of  the  ultrasonic  signal  from  t^e  defect.  The  average  flexural  strength  of 
these  specimens  was  379+56  MN/m  (54.9+9.1  ksi).  This  low  value  is  undoubtedly 
due  to  the  unmachined  surface,  which  contained  many  optically  visible  pits. 
Specimen  21  is  the  only  one  that  definitely  originated  fracture  at  the 
u I trason ica 1 1 y detected  defect.  Specimen  22  initiated  fracture  from  a corner. 
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Figure  33-  Fracture  Surface  of  Ceralloy  1^7A  Specimen 
10  Showing  Fracture  Initiation  Site. 


TABLE  V 


ULTRASONIC  CORRELATION  DATA  FOR  HOT  PRESSED  SILICON  NITRIDE 


1 . Cera  1 loy  1 47A 


Specimen 

No. 

Flexural 

Strength 

MN/m^ 

Defect 
S i ze 
u m 

Defect  Location 
Off  Center  Depth 

urn  ’.-m 

Cominents 

3 

191 

_ 

_ 

1 

Fracture  from 

8 

388 

- 

- 

1 

^ s i te  near 

9 

330 

■ 

1 

corner 

2 

683 

100x^40 

1700 

300 

inclusion 

6 

619 

1*0  to  80  deep 

1600 

0 

crack 

7 

636 

70x30 

0 

60 

inclusion 

10 

Ave . 

kll 

."So^i 

40x20 

400 

150 

inclusion 

k 

6^5 

7 

- 

- 

uncerta 1 n 

13 

669 

135x40 

800 

240 

defect  does 
not  appear  to 
be  initiation 
s i te 

1 

717 

- 

- 

1 

did  not  appear 

c 

728 

- 

- 

- 

to  fail  at 

1 1 

733 

- 

- 

- 

► defect 

14 

754 

- 

- 

- 

15 

Ave 

771 

75T±22 

2.  NC-132 

22 

322 

- 

- 

- 

corner 

21 

367 

200x100 

120 

0 to  100 

surface  pit 

23 

369 

- 

- 

- 

uncerta i n 

lU 

^56 

30  deep 

- 

- 

crack 

7 ^ 


1 
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specimen  23  shattered,  so  that  the  fracture  origin  was  lost  and  specimen  2h 
broke  off  center.  In  the  case  of  specimen  2k  the  surface  defect  could  be 
observed  on  one  piece  of  the  broken  specimen  well  away  from  the  fracture 
origin.  There  were  not  enough  specimens  of  this  material  to  draw  any  statis- 
tically significant  conclusions,  however,  the  general  pattern  of  strengths 
versus  types  of  failures  was  similar  to  the  results  for  Ceralloy  147A. 

5.3  3 SEM  Fractography 

Figure  36  shows  the  matching  fracture  surfaces  of  specimen  21  at 
16  and  200X.  The  fracture  origin  in  this  <;r)ecimen  is  definitel/  an  ultra- 
sonically  detected  surface  pit  about  200um  in  diameter  and  lOOum  deep.  Figure 
37  shows  the  matching  fracture  surfaces  of  specimen  22  at  l6X,and  also  200 
and  5OOX  views  of  the  corner  of  the  upper  low  magnification  view  This  figure 
shows  a fracture  which  initiated  near  a corner  and  is  typical  of  the  appear- 
ance of  the  lowest  strength  specimens  of  both  materials.  In  specimen  2k, 
the  failure  Initiated  away  from  the  shallow  surface  pit  detected  ultra- 
sonically  at  the  small  surface  defect  shown  in  Figure  38.  The  higher  mag- 
nification views  of  the  fracture  origin  on  the  upper  view  of  rhp  matchmq 
fracture  surfaces  show  a defect  extending  only  about  30cm  below  the  surface. 
This  may  be  the  side  view  of  a small  crack  favorably  oriented  to  cause  speci- 
men failure 

53^  Correlation  with  Ultrasonic  Results 

Only  specimen  21  of  the  four  specimens  of  NC-132  tested  broke 
through  an  u1 trason i ca 1 1y  detected  defect.  This  defect  was  a surface  oit 
of  hemispherical  shape  that  penetrated  about  lOOum.  Since  all  of  tne  defects 
in  these  specimens  were  in  the  same  plane, the  ultrasonic  pulse  heights  should 
give  a good  indication  of  the  relative  defect  sizes.  The  data  in  Table  IV 
shows  that  specimen  21  had  by  far  the  largest  signal.  Therefore,  the  defects 
in  the  other  specimens  must  have  been  much  smaller,  or  at  least  shallower, 
than  lOuum  The  defect  in  specimen  2k  which  caused  failure  was  a 30uin  ueep, 
sharp  defect  which  apparently  had  a higher  stress  concentration  factor  than 
the  surface  pit  detected  ul trason i ca 1 1 y . This  data  indicates  that  it  Is 
important  to  develop  the  capability  to  detect  sharp,  small  surface  defects, 
such  as  the  one  in  specimen  2k,  which  apparently  are  too  shallow  to  be 
detected  by  the  shear  wave  technique.  The  results  for  these  specimens  are 
summarized  in  Table  V. 


k’'%3  ^i  . ->?<*!! '*^--J 


Figure  36.  Fracture  Surfaces  of  NC-132  Specimen  21 
Showing  Fracture  Initiation  Site. 
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Figure  37.  Fracture  Surfaces  of  NC-132  Specimen  22 
Showing  Typical  Fracture  Initiation  From 
Corner . 
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6.0  CONCLUSIONS  AND  RECOMMENDATIONS 
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The  purpose  of  this  program  is  to  develop  high  frequency  ultrasonic 
evaluation  techniques  capable  of  detecting  defects  in  the  10  to  100  ym 
(0,0004  to  0.004  inch)  range.  The  specific  objectives  under  this  contract 
were  to  investigate  ultrasonic  evaluation  at  frequencies  up  to  75  MHz,  to 
develop  an  ultrasonic  shear  wave  technique  and  then  to  investigate  the  correla- 
tion of  the  results  of  evaluations  using  this  technique  with  flexural  strength. 

Investigation  of  the  ultrasonic  evaluation  effort  covered  frequencies 
up  to  75  MHz.  The  best  results  achieved  were  at  45  MHz.  While  this  seems  to 
contradict  theory,  it  is  the  result  of  the  bandwidth-sensitivity  characteris- 
tics of  the  instrumentation/transducer  that  were  in  use  in  the  experiments. 

The  development  of  a high-frequency  ultrasonic  system  having  satisfactory 
bandwidth-sensitivity  characteristics  for  up  to  100  MHz  is  strongly  recommended. 
This  would  allow  utilization  of  the  advantages  expected  to  be  gained  from  higher 
frequency  inspection  methods.  It  is  also  recommended  that  computerized  data 
storage  and  diagnosis  be  developed  to  replace  the  time  consuming  analysis 
required  by  the  use  of  C-scan  recording. 

In  spite  of  the  frequency  limitations  noted  above,  a 45  MHz  ultrasonic 
shear  wave  technique  was  successfully  developed,  which  was  found  to  be  more 
sensitive  than  the  45  MHz  longitudinal  wave  technique  previously  developed. 

This  improved  sensitivity  is  attributed  to  the  lower  ultrasonic  velocity  of 
shear  waves,  which  yields  a shorter  wavelength  for  detection  of  smaller  defects 
The  shear  wave  technique  (due  to  its  different  ultrasonic  wave  mode  and  beam 
orientation)  was  also  found  to  be  relatively  more  sensitive  for  detection  of 
defects  oriented  preferentially  to  cause  failure.  A comparison  of  flexural 
strength  data  in  nine  specimens  of  Ceralloy  147A  led  to  the  conclusion  that, 
at  the  30%  confidence  level,  the  four  specimens  that  broke  through  defects 
detected  by  the  ultrasonic  shear  wave  technique  were  significantly  weaker  than 
the  five  specimens  which  failed  with  no  such  defect  as  the  initiation  site. 
Comparative  average  strengths  are  605  and  741  MN/m^  (87-7  and  107.4  ksi).  The 
defects  involved  had  major  dimensions  of  40  to  100  ym  (0.0016  to  0.001  Inch). 

Preliminary  evaluations  of  artificial  surface  defects  indicate  that 
defects  that  do  not  extend  at  least  40  ym  (0.0016  inches)  below  the  surface 
are  not  detected  by  the  shear  wave  technique.  For  detection  of  these  small 
surface  defects  it  is  recommended  that  ultrasonic  surface  wave  inspection  be 
i nvest i gated . 
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